The most-ancient application of quantum dots (QDs) reported in human history is their use for hair dyeing in ancient Greco-Roman times.^[@ref1]^ Since that time, significant progress has been made on the synthesis of bright and monodispersed QDs^[@ref2]^ as well as on the fundamental understanding of their remarkable size-dependent optoelectronic properties.^[@ref3]^ Nowadays QDs are used in various optoelectronic applications,^[@ref4]−[@ref9]^ while more are still under development.^[@ref10]−[@ref13]^ For commercial applications, QDs are usually assembled into QD solids, i.e., close-packed structures. In contrast, fundamental studies on the photophysical properties of QDs are usually performed on spatially separated QDs (for example, dispersed in solution). More in-depth studies are necessary on QDs in close-packed conditions^[@ref14]−[@ref17]^ and on the differences in properties between spatially separated and close-packed configuration to fully understand their behavior.

It was recently shown that, upon pulsed excitation of an ensemble of separated QDs, spontaneous emission on nanosecond time scales is followed by strongly delayed emission at the same photon energies up to milliseconds after photoexcitation.^[@ref18]−[@ref24]^ The amplitude of delayed emission in a photoluminescence (PL) decay experiment is often low, and its existence has been overlooked. However, the time-integrated delayed emission accounts for more than 10% of the overall emission for many types of QDs.^[@ref18]−[@ref24]^ The current understanding is that the recombination of an electron--hole pair is delayed because one (or both) charge carrier is temporarily stored in a trap state. The original exciton state is restored after some time by release of the trapped charge carrier. The implications of temporary charge carrier storage on optoelectronic applications of QDs have not been addressed until now. In particular, QDs interact through charge and Förster resonance energy transfer (FRET) when assembled into a QD solid.^[@ref14]−[@ref17],[@ref25]^ Because reversible charge-carrier trapping has such a pronounced effect on the dynamics of spontaneous emission from spatially separated QDs, a significant influence on FRET and charge transfer in QD solids can be anticipated as well.

Here, we study the effect of reversible charge-carrier trapping on the excited-state dynamics in assemblies of interacting CdSe/CdS core/shell QDs. The dynamics, and thereby the PL properties, are determined by the interplay between three processes: spontaneous emission, FRET, and temporary storage of the exciton. We use QDs with a constant CdSe core size while varying the shell thickness from 1 to 4 CdS monolayers. The QDs are assembled into supraparticles (SPs) presenting a model system of a QD solid.^[@ref26]−[@ref29]^ The shell thickness allows us to control the FRET rate between QDs. Our key observation is the time evolution of the PL spectrum upon pulsed excitation, recorded from the nanosecond to the microsecond time scale. We observe that the spectrum red-shifts over the first 20--50 ns after excitation, as expected for exciton diffusion by FRET, but that subsequently, this evolution stops and even reverses to a blue shift. This demonstrates the effect of reversible charge carrier storage, which temporarily freezes a QD in a state from which no FRET can occur. The release of trapped charge carrier(s) restores the exciton state. We model and reproduce the emission dynamics of our QD assemblies using kinetic Monte Carlo simulations, which we then use to track each FRET event and more quantitatively illustrate the effect of temporary charge-carrier trapping on FRET.

We synthesized QDs consisting of CdSe cores with a fixed diameter of 3.4 ± 0.3 nm (mean ± standard deviation, as determined from electron microscopy) and different CdS shell thicknesses ranging from 1 to 4 monolayers (ML). The resulting core/shell QDs have overall diameters of 3.8 ± 0.6, 4.6 ± 0.5, 5.0 ± 0.6, and 5.5 ± 0.6 nm (Figures [1](#fig1){ref-type="fig"}a and [S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf)). The QDs were assembled in nearly spherical supraparticles (SPs) through an oil-in-water emulsion synthesis (Figures [1](#fig1){ref-type="fig"}b, [S3, and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf)).^[@ref26]^ Basic optical characterization of the QDs in the two configurations (freely dispersed and assembled) is shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf). The absorption and emission spectra show a clear red shift of the first (1S~3/2~--1S~e~) exciton resonance with increasing shell thickness due to reduced quantum confinement.^[@ref30]^ The full width at half-maximum (fwhm) of the emission peaks is approximately 110 meV. This is wider than the line widths of 50--80 meV fwhm that have been reported for similar QDs examined at the single-QD level,^[@ref31],[@ref32]^ indicating some spectral broadening due to size inhomogeneity.

![Energy transfer in supraparticles of quantum dots. (a) Representative transmission electron microscopy (TEM) image of the CdSe/CdS QDs. (b) Representative high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image of a SP. (c) Emission spectra of CdSe/CdS 2 ML QDs in toluene dispersion at 0.5 ns (blue), 2 ns (green), 25 ns (yellow), and 100 ns (red) delay time after an excitation pulse. The solid lines are fits to a two-sided Gaussian (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf) for details). The short vertical bars are the peak energies obtained. The gray vertical line is the PL peak energy of the first spectrum at 0.5 ns. (d) The same for CdSe/CdS 2 ML QDs assembled in SPs.](nl-2018-025386_0002){#fig1}

Following pulsed excitation of CdSe/CdS QDs with 2 ML shell thickness, we measure the time evolution of the photoluminescence (PL) spectrum over a time scale of 1 μs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d). The PL spectrum shows a time-independent peak energy and line width when the QDs are dispersed in toluene ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). In contrast, the spectra obtained for QDs assembled into SPs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) first shift toward lower energies (red shift) over the first 25 ns after excitation, followed by a shift toward higher energies (blue shift) at later times.

To unravel the origin of the shifts in the PL spectra of assembled QDs, we analyze the time-resolved PL measurements in more detail. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b the energy of the PL emission peak is plotted as a function of delay time after excitation. The results confirm what we concluded from inspecting the PL spectra in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d. For the QDs dispersed in toluene ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) the emission energy is nearly constant in time. The delayed emission at times longer than 200 ns is at slightly higher energy than the prompt emission. In contrast, in our previous experiments with another batch of QDs the delayed emission was at slightly lower energy than the prompt emission.^[@ref20]^ This indicates slight variations in the probability of temporary carrier trapping among the QDs in ensemble. For the samples in this work, the smaller QDs may exhibit slightly more temporary trapping. The spectral dynamics are markedly different when QDs are in a close-packed configuration ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). First, we observe a gradual redshift of the PL over the first 20 ns. This has previously been observed and studied in similar QD solids,^[@ref14]−[@ref17]^ and can be ascribed to Förster energy transfer between adjacent QDs interacting through dipole--dipole coupling. The initial red shift is followed by a clear blue shift over 10 meV from 20 to 200 ns after excitation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). This blue shift has not previously been reported, although we find here that it occurs in all four QD samples under study. It reflects a likely general aspect of the excited-state dynamics in QD solids that has so far been overlooked.

![Time-resolved PL emission of CdSe/CdS QDs in solution and assembled in SPs. (a) PL peak energy of the CdSe/CdS 2 ML QDs dispersed in toluene as a function of delay time after the excitation pulse as obtained from two-sided Gaussian fits to the emission spectra (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf) for details about the methods). (b) The same but for CdSe/CdS 2 ML QDs assembled in SPs. The maximum red shift, Δ*E*~R~, and the blue shift, Δ*E*~B~, are indicated by black arrows. (c) PL decay trace of CdSe/CdS 2 ML QDs dispersed in toluene as a function of delay time after the excitation pulse, spectrally integrated over the entire emission band, and plotted on a double-logarithmic scale. The solid lines are an exponential fit to the first part of the decay curve and the power-law fit to the later part. The delayed component has a power-law exponent of α = 2.66. (d) Same for CdSe/CdS 2 ML QDs assembled in SPs. The power-law decay has an exponent of α = 1.99. The dashed line highlights the moment when the contribution of the delayed emission becomes predominant over the prompt emission, which coincides with the reversal of the red shift in panel b.](nl-2018-025386_0003){#fig2}

To understand the PL blue shift observed for QDs assembled into SPs, we consider the (spectrally integrated) PL decay traces. For both the QDs in dispersion ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) and for those assembled in SPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), the PL decay is approximately exponential over the first tens of nanoseconds, characteristic for the "normal" spontaneous emission of excitons. The decay statistics change to power-law (straight line on a double-logarithmic scale) after the intensity drops to a few percent of the initial intensity. This power-law emission has been termed "delayed emission" and attributed to emission after temporary exciton storage by reversible trapping of charge carriers.^[@ref18]−[@ref20],[@ref23]^ The power-law statistics (intensity proportional to *t*^--α^) reflect the wide distribution of the release times of the charge carriers from the trap states. Previous studies have demonstrated that the state with a trapped charge carrier can persist for up to milliseconds before the carrier is released,^[@ref18]−[@ref20],[@ref23]^ the exciton state is restored, and a delayed photon is emitted. The charge-separated state (with one or both of the charge carriers localized on a trap) must have an oscillator strength orders of magnitude lower than that of the exciton state. Indeed, radiative decay, which scales linearly with oscillator strength, would otherwise limit the lifetime of the charge-separated state to much shorter than a millisecond. Interestingly, the rate of exciton diffusion by FRET scales with oscillator strength as well.^[@ref33]^ Hence, just as temporary charge-carrier trapping stores the exciton in separated QDs by preventing radiative recombination, so too does it prevent FRET in QD solids.

By comparing the PL decay curve of the QDs in SPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) with the evolution of the PL peak position ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), it is evident that the onset of the spectral blue shift coincides with the moment when the power-law decay component becomes dominant over the exponential component. Clearly, the delayed photons (those emitted following charge-carrier trapping and release) are less red-shifted than "normal" photons due to prompt spontaneous emission.

The initial red shift and subsequent blues hift in PL energy from SPs reflects a competition between spontaneous emission, FRET, and reversible charge-carrier trapping. On the first ∼20 ns after excitation, FRET gradually red shifts the PL as excitons hop from smaller QDs (with larger bandgap) to larger QDs (with smaller bandgap).^[@ref14]−[@ref17]^ Simultaneously, charge carriers have a finite probability to be trapped in temporary traps before spontaneous emission and/or FRET can occur. Once a charge carrier is trapped, the transfer of the exciton by means of FRET is temporarily prevented. At later times, distributed from ∼20 ns to at least a 1 μs after excitation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), the charge carrier is released, and the exciton state in the QD is restored. If temporary charge-carrier trapping had not occurred, the exciton could in the meantime have hopped to other larger QDs with red-shifted exciton energy. Reversible trapping prevents this red shift. In the experiment, this effect manifests itself in a partial reversal of the PL red shift when around ∼20 ns delayed emission becomes dominant over prompt emission ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).

The strong distance dependence of FRET (which is inversely proportional to the sixth power of the center-to-center distance) allows us to tune its interplay with spontaneous emission and reversible trapping. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, we measure the excited-state dynamics in SPs while varying the CdS shell thickness of the constituent QDs from 1 to 4 ML. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the rate of red shift of the PL, i.e., the energy red shift per unit of time (\|d*E*/d*t*\|) over the first few nanoseconds after excitation. We observe a lower rate of red shift as the shell thickness increases. Indeed, because of the strong distance dependence of FRET, we expect a lower exciton-diffusion rate^[@ref15]^ for increasing shell thickness. Also, the value of the red-shift Δ*E*~R~ at the moment when it reaches its maximum (around 20 ns; highlighted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) decreases with increasing shell thickness ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This is a necessary consequence of the decreasing rate of red shift with increasing shell thickness. Delayed emission becomes the dominant emission component at approximately 20 ns for all shell thicknesses ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf)), so the final red-shift Δ*E*~R~ at that moment scales with the rate of red-shift \|d*E*/d*t*\|. This trend still holds if we normalize the maximum red shift to the ensemble line width of the QD batch ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf)), indicating that slight differences in the ensemble line widths of our QD batches ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf)) do not influence the trends observed.

![Analysis of the spectral dynamics as a function of shell thickness. (a) The rate of PL red shift directly after the photoexcitation of SPs as a function of the shell thickness of the constituent QDs. (b) The maximum extent of the PL red shift compared to the SP emission spectrum directly after excitation (indicated Δ*E*~R~ in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) as a function of shell thickness. (c) The PL blue shift observed from the moment that delayed emission takes over (Δ*E*~B~ in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) as a function of shell thickness. (d) Power-law exponent α of the delayed emission dynamics for QDs dispersed in toluene (orange) and QDs assembled in SPs (green) as a function of shell thickness.](nl-2018-025386_0004){#fig3}

Interestingly, the shell thickness also affects the dynamics at times beyond 20 ns in the time regime of delayed emission due to the release of previously trapped charge carriers. The PL blue-shift Δ*E*~B~ between 20 and 200 ns shows a slight decrease with increasing shell thickness ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). We can understand this if we realize that the blue shift reflects the energy difference between excitons that were protected from FRET by temporary storage and excitons that were free to diffuse. If diffusion is slower because of thicker shells, then the difference that temporary storage can make to the PL color is also lower.

Finally, we observe that the power-law exponent α (describing the delayed emission dynamics *I* ∝ *t*^--α^) is affected by assembly of the QDs in SPs as well as by the shell thickness of the QDs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). More specifically, α is always larger for QDs freely dispersed in solution (orange) than for QDs in SPs (green). This corresponds to a wider distribution of storage times for QDs in SPs. In other words, it takes longer for the exciton state to be restored after charge-carrier trapping in SPs compared to individual QDs. Additionally, the delayed emission dynamics are more affected by QD assembly for thin-shell QDs than for those with thick shells.

We can speculate about two possible origins for the slowing of exciton restoration when QDs are assembled into SPs. First, the dielectric surrounding of QDs is different in SPs than when they are free in dispersion. In SPs, trapped charges on the surface of a QD may be stabilized by polarization of the surrounding semiconductor particles (dielectric constant of ε ≈ 10) or water molecules (ε = 80) more effectively than individual QDs that are surrounded by toluene molecules (ε = 2.4). The improved stabilization of trapped charges will lead to a slowing of their release. This can affect the statistics of delayed emission, making late emission more likely and therefore decreasing the power-law slope α. Previous studies have indeed reported influences of the polarizability of the surrounding on the trapping dynamics of QDs.^[@ref24]^ Second, although exciton hopping by FRET is inhibited in the charge-separated state, charge hopping may still be possible. Exciton hopping relies on near-field electromagnetic coupling between QDs, which scales with the oscillator strength of the excited QD.^[@ref33]^ Charge hopping, however, is a single-carrier tunneling process, which depends, for example, on the conductivity of ligands^[@ref34]^ and on the Auger excitation of carriers.^[@ref35]^ Even if one charge carrier is (reversibly) trapped, the other carrier can still hop from QD to QD. This could affect the dynamics of delayed emission in a QD solid. For recombination of photoexcited charges, not only must the trapped charge be released but the hopping charge must also return to the QD from which it came. This effect may contribute to a broadening of the distribution of exciton restoration times, consistent with what we observe by comparing the dynamics in SPs with those in individual QDs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d).

Based on our experimental results, we set up a simple kinetic Monte Carlo model to understand the competition between spontaneous emission, FRET, and reversible trapping in more detail. We simulate the dynamics in a QD solid upon pulsed excitation. The processes included in the model are schematically depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a for a pair of one small (green sphere) and one large QD (red sphere). The simulations are, however, done on a QD solid consisting of 864 QDs with a distribution of sizes. Following the photoexcitation of a small QD, it enters the excited state (state 2) and may directly emit (green arrow). The small QD may also transfer its energy to a larger QD by FRET (state 3), exciting the large QD and bringing the small QD back to its ground state, which eventually leads to red-shifted emission (red arrow). Alternatively, a charge carrier may be trapped, resulting in a stored-exciton state with zero oscillator strength (state 4). The trapped charge is eventually released, restoring the exciton state in the small QD, after which it can again take one of the three possible pathways (viz., spontaneous emission, energy transfer, or charge-carrier trapping). In practice, the rate of temporary charge-carrier trapping may vary among the QDs in the sample, trapping may occur not only from the emitting exciton state but also from hot-carrier states,^[@ref36],[@ref37]^ or some QDs in the ensemble may exhibit non-radiative recombination. We make some simplifying assumptions for our Monte Carlo model: we assign the same radiative decay rate and the same rate of temporary charge-carrier trapping to all QDs, we do not consider hot-carrier trapping,^[@ref21]^ and we do not include non-radiative recombination pathways. In this way, our model remains basic yet captures the relevant physics of the competition between reversible trapping, FRET, and spontaneous emission. More details of the model can be found in the caption of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf).

![Kinetic Monte Carlo simulations of the excited-state dynamics in a QD solid. (a) The excited-state pathways in a QD solid considered in our model. The size inhomogeneity in a QD solid is depicted as a pair of one smaller and one bigger QD. Absorption of a photon brings the system from its ground state (state 1) into a "free-exciton" state (state 2), in which both charge carriers occupy a quantum-confined energy level. State 2 can relax back to the ground state by spontaneous emission (green arrow), the excited QD can transfer its energy to a larger neighbor by means of FRET (state 3), or one charge carrier can be trapped temporarily (state 4). State 3 may then relax by the emission of a lower-energy photon (red arrow), make a further FRET step (not depicted), or undergo temporary charge-carrier trapping (not depicted), etc. From the "stored-exciton" state (state 4), the free exciton is restored after some time by charge carrier release. More details of the model and the rates we put in are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf). (b) The simulated shifts in PL peak energy from a QD solid as a function of delay time after photoexcitation. (c) For photons emitted at time *t* after excitation, we track how much preceding time was spent as a free exciton (state 2 or 3 in panel a; blue) and how much time as a stored exciton (state 4; green). The dashed red line lies at twice the exciton lifetime. (d) For photons emitted at time *t* after excitation, we plot the number of FRET events *N*~FRET~ that preceded emission (red line). The black dashed line is a reference simulation without temporary trapping. (e) For photons emitted at time *t* after excitation, we plot the effective FRET rate *k*~FRET~^eff^ ≡ *N*~FRET~/*t* during the preceding time. The black dashed line is a reference simulation without temporary trapping.](nl-2018-025386_0005){#fig4}

The Monte Carlo model reproduces the red shift of PL on the first tens of nanoseconds followed by a blue shift at later times (compare [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). As in the experiment, the transition from a red shift to a blue shift coincides with the moment that delayed emission becomes the dominant contribution to the PL. This confirms our interpretation that the spectral dynamics in SPs are a manifestation of the intricate competition between spontaneous emission, FRET, and reversible trapping.

In our Monte Carlo model, we can follow the fate of each simulated exciton in the SPs as it undergoes FRET, trapping, release, and eventually recombination by spontaneous emission. This yields insights into the competition between the different excited-state processes that are not obtainable from the experiment alone. More specifically, for the photons emitted at delay time *t* after photoexcitation, we can track all the steps (FRET, reversible trapping, or both) that preceded emission.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c shows, for charge carriers recombining by photon emission at time *t*, how much preceding time they spent as "free exciton" (with both carriers in the quantum-confined levels of a QDs; blue) and how much was "stored exciton" (with one carrier trapped; green). The transition from prompt emission to delayed emission is clearly visible as the moment at *t* = 30--100 ns when the time spent as stored exciton increases from none (prompt emission) to tens of nanoseconds and further (delayed emission). Across the transition from prompt to delayed emission the time spent as free exciton first peaks at 36 ns and then levels off to 20 ns. The value of 20 ns equals twice the lifetime, τ~X~, of the free-exciton state in our simulation (red dashed line). We can understand why the curve levels off to this value by considering the pathway to delayed emission, in which the system goes from the free exciton (state 2 in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) to a stored-exciton state (state 4) back to the free-exciton state (state 2) that then decays to the ground state (state 1). The simulation also allows for the possibility of multiple reversible-trapping events, but these are relatively rare until very long delay times (*t* ≫ μs) for the trapping probabilities relevant to our system. Each time the system is in the free-exciton state, it stays there for on average τ~X~ = 10 ns. Overall the system is therefore in the free-exciton state for on average twice the exciton lifetime 2τ~X~ = 20 ns. Hence, a delayed photon emitted at time *t* originates from charge carriers that were free for on average a period 2τ~X~ and stored for a period *t* -- 2τ~X~.

In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, we plot the average number of FRET events preceding emission at time *t*. The number of FRET events (red) peaks at 1.3 at *t* ≈ 40 ns and then levels off to a value of 0.9. Clearly, the number of FRET events ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) scales with the time that the system spends as free exciton ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). This simply reflects that the longer the exciton is free, the more hops it makes from QD to QD. In a reference simulation without reversible trapping (black dashed line), the number of FRET events keeps increasing with time. This continuous increase is slowed and even reversed by reversible trapping (red) because this limits the time spent as free excitons.

To quantify the inhibition of FRET by reversible charge-carrier trapping, we define the "effective FRET rate" that preceded emission at time *t* ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e), i.e., the number of FRET events per unit of time preceding emission. The effective FRET rate slowly decreases with time *t* over the first 40 ns in simulations both with (red) and without (dashed line) reversible trapping. This is the result of energy disorder in a QD solid, which slows FRET as the exciton population red-shifts.^[@ref15]^ In addition, a pronounced effect of temporary exciton storage is observable in the delayed-emission regime (*t* \> 40 ns): the effective FRET rate in the simulation with reversible trapping rapidly drops to a few percent of the initial rate. Hence, temporary charge-carrier trapping can slow FRET in QD solids considerably. It is this slowing of the effective FRET rate that causes the PL blue shift observed on the time scales associated with delayed emission.

In summary, we have studied the PL dynamics of QDs assembled in supraparticles on long time scales up to a microsecond. Exciton storage by reversible charge-carrier trapping is found to slow the effective rate of FRET in this system. More specifically, storage temporarily "freezes" the exciton in a state with zero oscillator strength, in which it cannot hop from QD to QD by means of FRET. For PL applications, this manifests as an effective PL blue shift at tens of nanoseconds after excitation when temporarily trapped charges are released. More generally, our work highlights that temporary charge-carrier trapping significantly affects the relaxation pathways of excited QDs. This process should be taken into account to understand the excited-state dynamics of QDs, especially when, in QD solids, it competes with various other processes such as FRET or charge extraction.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.8b02538](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.8b02538).Additional details in the synthesis of CdSe/CdS NCs, synthesis of the SPs, experimental setup, and analysis of the data. Images showing electron microscopy results, optical characterization, time-resolved PL emission spectra, decay traces for different shell thickness, and detailed description of the kinetic Monte Carlo simulation. Tables showing PL red shift due to FRET and contributions to the ensemble emission linewidths. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02538/suppl_file/nl8b02538_si_001.pdf))
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